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 27 

ABSTRACT 28 

A key aspect in the formation of rare earth elements (REE) deposits is the role of REE 29 

transport as aqueous REE complexes in supercritical hydrothermal solutions, where the nature of 30 

the aqueous complex is controlled by solution composition, temperature and pressure. Despite 31 

chloride being considered as one of the most abundant transporting ligands in magmatic-32 

hydrothermal fluids, experimental investigations on the stability of aqueous REE chloride 33 

complexes are scarce above 300 °C. In this study, synthetic NdPO4 crystals were reacted with non-34 

saline and saline (0, 0.05 and 0.5 mNaCl), acidic (0.01 mHCl) aqueous solutions in a series of 35 

solubility experiments conducted at 500−700 °C and 1.7 kbar, where the solubilities were 36 

determined using a stable Nd isotope (145Nd isotope spike) dilution technique. NdPO4 solubility 37 

ranges between 28 ppm and 10,858 ppm, where solubility increases with both temperature and 38 

salinity. At 500 °C, log mNdPO4 increases from -3.93 to -1.60 and there is a strong correlation 39 

between NdPO4 solubility and NaCl concentrations (slope of 1.2 ±0.3), indicating stabilization of 40 

the Nd chloride aqueous complexes with a stoichiometry corresponding to NdCl2+. At 600 °C, this 41 

correlation is weaker (slope of 0.4, log mNdPO4 increases from -2.63 to -1.88) indicating the 42 

stabilization of both Nd chloride and hydroxyl species controlling solubility. At 700 °C, NdPO4 43 

solubility is largely independent of NaCl concentration indicating that solubility is controlled by 44 

Nd hydroxyl complexes, where stoichiometry suggests the neutral Nd(OH)3
0 species is dominant. 45 

The solubility product (Ksp) of NdPO4 is derived from experimental data with the relation: log Ksp= 46 
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-41.81 – 0.057T – 20987/T, with T temperature in Kelvin. Comparison of the measured Nd 47 

phosphate solubility to thermodynamic predictions using the available Helgeson-Kirkham-48 

Flowers equation of state parameters for aqueous Nd complexes indicate that predictions are up to 49 

three orders of magnitude lower compared to experimental observations. This discrepancy is most 50 

pronounced in saline solutions, suggesting that thermodynamic properties of the REE chloride 51 

species in supercritical fluids require revision. Numerical simulations of fluid-rock interaction 52 

between acidic, saline fluids and a Strange Lake felsic mineral assemblage demonstrates that 53 

NdPO4 solubility predictions from models are four to six orders of magnitude lower than those 54 

calculated based on empirical fits from experiments, which suggests that acidic, saline fluids may 55 

play an important role in mobilizing large amounts of light REE from 450 to 700 °C. 56 

 57 

1. INTRODUCTION 58 

The move of the energy sector towards green energy and the increase in demand for energy 59 

efficient devices has instigated a renewed interest in the rare earth elements (REE) (Balaram, 2019; 60 

Chakhmouradian and Wall, 2012; Goodenough et al., 2018). Neodymium is of particular 61 

importance for building strong permanent magnets in electric vehicles and wind turbines (Balaram, 62 

2019; Chakhmouradian and Wall, 2012; Goodenough et al., 2018). Monazite is an important host 63 

mineral to Nd and other light (L)REE (La to Gd) in the Earth’s crust (Balaram, 2019; 64 

Chakhmouradian and Wall, 2012; Harlov et al., 2016). Focus of monazite exploration and mining 65 

has expanded from placer deposits (e.g., the beach sand deposits in India; the paleo-placers of 66 

Witwatersrand in South Africa, river placers in Malaysia; Balaram, 2019) to include alkaline 67 

igneous complexes (e.g., Strange Lake deposit in Canada; Gysi et al., 2016), carbonatites (Bayan 68 
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Obo deposits, China; Fan et al., 2016; Mount Weld, Australia; Zhukova et al., 2021) and vein and 69 

skarn deposits (Bastnäs-type deposit, Sweden; Holtstam et al., 2014). Magmatic-hydrothermal 70 

REE deposits and the formation of monazite are commonly associated with hydrothermal activity 71 

(Banks et al., 1994; Dhote et al., 2021; Gysi et al., 2016; Harlov et al., 2016; Liu et al., 2019; Singh 72 

et al., 2018; Verplanck et al., 2022; Williams-Jones et al., 2000; Zhilong et al., 2007), which 73 

suggests that high temperature fluids play a critical role in REE fractionation, transport and 74 

deposition. Therefore, determining the temperatures, pressures and fluid compositions that 75 

facilitate REE mobilization is essential to understand the genesis of these REE deposits.  76 

 Thermodynamic modeling studies on fluid-rock reactions have shown that the formation 77 

of aqueous complexes plays a key role in REE mobilization (Migdisov et al., 2016; Pan et al., 78 

2024; Perry and Gysi, 2018). Important REE complexing ligands include chloride, fluoride and 79 

sulfate anions for which robust thermodynamic data have been experimentally determined up to 80 

temperatures of ~300 °C (Migdisov et al., 2016). In many magmatic-hydrothermal REE deposits, 81 

chloride is one of the main ligands available for the formation of aqueous REE complexes as 82 

determined from fluid inclusion studies (Banks et al., 1994; Shu and Liu, 2019; Tillberg et al., 83 

2019; Vasyukova et al., 2016; Vasyukova and Williams-Jones, 2018; Williams-Jones et al., 2000). 84 

To date, a few experimental studies have been conducted in supercritical aqueous fluids to identify 85 

the coordination of aqueous La, Nd, Eu, Gd, Yb, and Y chloride complexes (Guan et al., 2020, 86 

2022; Liu et al., 2017; Louvel et al., 2015; Mayanovic et al., 2002, 2007, 2008, 2009; Schmidt et 87 

al., 2007). These studies generally show that addition of chloride and increased temperature result 88 

in the formation of stronger coordinated REE chloride complexes. 89 
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 NdPO4 solubility experiments have been conducted > 100 °C in a few studies including 90 

batch-type reactor experiments between 100 and 300 °C (Cetiner et al., 2005; Gysi et al., 2018; 91 

Poitrasson et al., 2004; Van Hoozen et al., 2020) and cold-seal pressure experiments between 300 92 

and 800 °C and 2 kbar in the study by Pourtier et al. (2010). The studies of Poitrasson et al. (2004), 93 

Cetiner et al. (2005), and Van Hoozen et al. (2020) suggest that the Nd+3 species is predominant 94 

in acidic solutions of pH ~1 to 2 from 100 to 300 °C, and that NdPO4 solubility is retrograde with 95 

increased temperature. Furthermore, the solubility experiments by Van Hoozen et al. (2020) and 96 

Gysi et al. (2018) indicate an increased importance of REEOH2+ in acidic (pH=2) non-saline 97 

solutions >150 to 250 °C, which was confirmed in the comprehensive thermodynamic 98 

optimization study for the solubility of REE phosphates by Pan et al. (2024). However, the stability 99 

of the Nd3+ and Nd hydroxyl species versus the Nd chloride species at higher temperature is 100 

uncertain. Thermodynamic models generally suggest a predominance of the REE chloride 101 

complexes (REECl2+ and REECl2
+) in acidic (pH <2.5) saline aqueous solutions to ~300 °C 102 

(Migdisov et al., 2016). However, the stability of the REECl3
0 species has been suggested to 103 

increase at higher temperature and has been identified in a few studies (e.g., Guan et al. 2020, 104 

2022). Furthermore, the NdPO4 solubility experiments by Pourtier et al. (2010) suggest that Nd 105 

hydroxyl complexes predominate at pH of 4 to 7.5 at 2 kbar between 300 and 800 °C.  106 

To better understand the importance of Nd chloride and hydroxyl complexation in 107 

supercritical fluids, we conducted systematic NdPO4 solubility experiments using cold-seal 108 

pressure vessels at 500 °C to 700 °C and 1.7 kbar in HCl-bearing solutions containing varying 109 

initial salinities (0–0.5 mNaCl). A stable 145Nd isotope dilution technique was used to determine 110 

the Nd concentrations dissolved during the experiments. The NdPO4 solubilities and reaction 111 

stoichiometries from experiments are compared with thermodynamic predictions based on the 112 
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available Helgeson-Kirkham-Flowers (HKF) equation of state parameters (Helgeson et al., 1981; 113 

Shock and Helgeson, 1988; Tanger and Helgeson, 1988; Shock et al., 1992) for aqueous Nd species 114 

and are used to derive the solubility product for monazite in supercritical fluids. The solubility 115 

product is used to predict the Nd mobility in hydrothermal fluids as a function of cooling and fluid 116 

to rock interaction, providing insights into the relevance of Nd mobility in ore forming systems. 117 

Numerical simulations are performed between 450 – 700 °C equilibrating 1 kg of saline fluid (0.1-118 

1 mNaCl) with 1000g of pegmatite and tracking the solubility of monazite-Nd during cooling.  119 

 120 

2. MATERIALS AND METHODS 121 

2.1. NdPO4 synthesis and stock solution preparation 122 

The crystals used in the experiments are pure end member NdPO4 crystals (Fig. 1A, B), 123 

which were synthetically grown following the synthesis technique of Cherniak et al. (2004). At 124 

first, a powdered hydrated Nd phosphate was precipitated from a 1:1 molar mixture of a Nd(NO3)3 125 

solution and a NH4H2PO4 solution, which was subsequently dried to a fine grained powder 126 

consisting of NdPO4. Approximately 0.9 grams of the finely powdered NdPO4 precipitate was 127 

then mixed with 25 grams of a Pb-free, 75/25 molar Na2CO3-MoO3 flux.  This mixture was then 128 

packed into a Pt crucible which was the taken up to 1280 °C for 15 hours.  The Pt crucible was 129 

then cooled at 3 °C/h to 870 °C over a period of five days. The flux and the embedded NdPO4 130 

crystals were then boiled in distilled water until the crystals were freed from the flux.  This process 131 

required several washings until the flux was totally removed. The end result was inclusion free, 132 

euhedral, pure NdPO4 crystals with a natural distribution of Nd isotopes (Cherniak et al., 2004; 133 
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Gysi et al., 2018). This identical synthesis method has been used in previous REE phosphate 134 

solubility experiments (Gysi et al., 2015, 2018; Van Hoozen et al., 2020; Gysi and Harlov, 2021).  135 

The starting experimental stock solutions include a non-saline (H2O-HCl) solution and 136 

two saline (H2O-HCl-NaCl) solutions spiked with a 145Nd isotope. The Nd isotope spike solution 137 

was prepared by dissolving Nd2O3 (ISOFLEX, USA; certified 91.0 ± 0.4% 145Nd enrichment) 138 

enriched in 145Nd (Table 1) in pure HCl (trace metal grade, Fisher Scientific) to obtain an acidic 139 

solution. This solution was further diluted with MilliQ water (18 MΩ-cm) to obtain a final acidic 140 

(0.01 mHCl; pH 2 at room temperature) spike stock solution with 10.29 ± 0.02 ppm Nd. This 141 

solution was subsequently diluted with a 0.01 mHCl solution to prepare the experimental stock 142 

solutions and reach a starting Nd spike concentration of 0.249 to 0.264 ppm Nd (1-2% RSD, 143 

relative standard deviation; Table S1) (Table 2). The non-saline starting experimental stock 144 

solution was prepared by diluting a 0.1 mHCl standard solution (0.1001 ± 0.0005 mHCl, 145 

Inorganic Ventures) with MilliQ water and the Nd spike solution to reach a concentration of 0.01 146 

mHCl and a pH of 2 at room temperature. The two saline starting experimental stock solutions 147 

with 0.05 and 0.5 mNaCl were prepared by dissolving NaCl powder (Alfa Aesar; 99.998% purity) 148 

in MilliQ water, followed by dilution with the 0.1 mHCl standard solution and the Nd spike 149 

solution to reach a final concentration of 0.01 mHCl and a pH of 2 at room temperature (Table 150 

S2).  151 

 152 

2.1.2 Isotope dilution technique 153 

We implemented the isotope dilution technique (Fig. 2) in our experiments following a 154 

method similar to that of Pourtier et al. (2010) to avoid the effects of precipitation of NdPO4 upon 155 
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quenching on measured NdPO4 solubility (Figs. 1E and F). The spiked experimental starting 156 

solutions have a 145Nd/144Nd ratio of 87.068 ± 0.005 and the NdPO4 crystals have a natural 157 

isotopic 145Nd/144Nd ratio abundance of 0.348412 ± 0.000004. During the experiment, dissolution 158 

of the synthetic NdPO4 crystals dilutes the 145Nd/144Nd isotopic ratio of the spiked solution, 159 

moving the 145Nd/144Nd isotopic ratio towards the composition of the NdPO4 crystal (Fig. 2). The 160 

145Nd/144Nd ratio of the experimental fluid (i.e., from mixing of Nd from the crystal with the Nd 161 

in the solution from spike) remains unchanged following quenching even if NdPO4 precipitates, 162 

because isotopic fractionation does not occur for heavy isotopes (Pourtier et al., 2010). The 163 

145Nd/144Nd isotopic ratio in the solution can therefore be defined by the equation of binary 164 

isotopic mixing and provide a record of the mass of NdPO4 dissolution that occurred at the run 165 

conditions ( NdTotal
NdPO4

) according to:  166 

NdTotal
𝑁𝑑𝑃𝑂4

= Ndspike×Total
Xspike

Nd145

-[(
Nd145

Nd144 )
sol

×Xspike

Nd144

]

[(
Nd145

Nd144 )
sol

×X
𝑁𝑑𝑃𝑂4

Nd144

]-X
𝑁𝑑𝑃𝑂4

Nd145                                        (Eq. 1) 167 

where Xspike

Nd
145

 is the isotopic abundance of 145Nd in the spike (91.2% ± 0.2), Xspike

Nd
144

 is the isotopic 168 

abundance of 144Nd in the spike (1.047 ± 0.002),  XNdPO4

Nd
145

 and XNdPO4

Nd
144

 are the isotopic abundances 169 

of 145Nd and 144Nd in the NdPO4 crystal (8.29 ± 1.2 and 23.7 ± 1.9) that is dissolved during the 170 

experiment (Table 1). The ratio (
Nd

145

Nd
144 )

sol

is the final ratio of 145Nd/144Nd that was measured in the 171 

quenched experimental solutions using multi-collector inductively coupled plasma mass 172 

spectrometry (MC-ICP-MS). The variable Ndspike
Total

 corresponds to dissolved Nd concentration 173 

(mol/kg) in the solution contributed by the spike, which was determined by solution ICP-MS and 174 
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variable Nd
Total

NdPO4
 corresponds to the unknown total concentration of dissolved Nd in solution 175 

at temperature and pressure contributed from the dissolved NdPO4 only. The relative standard 176 

deviation (RSD, 2σ error) reported in Table 2 was calculated by propagating the relative analytical 177 

uncertainty of each variable in Eq. 1. The experimental uncertainty is calculated by duplicate 178 

experiments and is 44%, which is used in all figures.  179 

 180 

2.2. Experimental method 181 

Solubility experiments were conducted in gold capsules containing each a synthetic NdPO4 182 

crystal and the 145Nd isotope spiked starting experimental solutions (Table 2), which were 183 

equilibrated for 96 to 144 h in Waspaloy (Ni based super alloy) pressure vessels at 500, 600, and 184 

700 °C and 1.7 kbar. The gold capsules are created from 25–30 mm lengths of 4 mm outer diameter 185 

(3.75 mm internal diameter) gold tubing. First, gold tubing is cut to size and soaked in 9% nitric 186 

acid for 24 hours, then the tubes are soaked in MilliQ water for another 24 h and dried over flame. 187 

Once dried, one end of the gold capsule is tri-crimped and welded shut with precision welding 188 

using a Lampert PUK 5.1 welding system. Each gold capsule is loaded with a NdPO4 crystal and 189 

a known mass of experimental stock solution (Table 2) and welded closed. The masses of the 190 

crystal and solution components are measured during each step of the capsule loading process. 191 

When loaded capsules are closed, the welds are completed at slow rate in order to avoid heating 192 

up the capsule, which can lead to solution volatilization. The closed capsules are weighed, then 193 

heated on a hotplate (100–125 °C) to check for any leaks in welds. Capsules that lost mass during 194 

the hot plate tests were discarded and not used in this study. 195 
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Following assembly and heat tests, capsules are placed into the hotspots of Waspaloy (Ni 196 

based super alloy) pressure vessels, followed by H2O (the pressurizing medium) and a Ni-filler 197 

rod, which exerts an intrinsic fO2 that is close to the Ni-NiO buffer on the capsule assembly 198 

(Venezky & Rutherford, 1999). Vessels are sealed and pressurized to 2.0 to 2.3 kbar at room 199 

temperature for a span of 24 hours to ensure seals will hold at the target pressure (1.7 kbar) 200 

throughout the run duration. Vessels are placed in Thermo Scientific Lindberg Blue horizontal 201 

tube furnaces and are heated to the target run temperature. The experimental temperatures are 202 

monitored by external thermocouples (K-type thermocouples, Ni-Cr/Ni) inserted into a borehole 203 

that is adjacent to the hotspot of the vessel, as well as an internal thermocouple within the 204 

horizontal furnaces. Comparison of the temperature measured by the external thermocouple with 205 

the actual temperature of the hotspot of the vessels suggests that the external thermocouple reads 206 

within ± 6 °C of the hotspot temperature. The experimental condition was reached and stabilized 207 

within 90 minutes of start and was maintained for equilibration for 96 to 168 h.  208 

On completion of the equilibration time, the experiments are quenched isobarically to 209 

minimize NdPO4 re-precipitation and to prevent capsule rupture. Vessels are removed from the 210 

horizontal furnace and plunged into a volume of water (at room temperature); this quenching 211 

method typically cools an experiment in ~30–60 seconds (Waters et al. 2015). Following 212 

quenching and extraction from the vessels, capsules are weighed to monitor for mass loss. Only 213 

capsules that did not suffer any mass loss during equilibration and quenching, were considered and 214 

included in this study. The capsules are taken out of the vessels, weighed, and a section of the 215 

capsule wall is punctured close to the tricrimp weld to prevent crushing of any crystalline products 216 

(Fig. S3). The capsules were soaked in 20 ml of 2% nitric acid for 20 minutes to promote solution 217 
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exchange. Following sonication and extraction of the reacted solution, the capsules are carefully 218 

peeled opened to completely expose the inner walls of the capsule along with the crystalline mass 219 

(Fig. S3). The crystalline mass is extracted as much as possible and weighed. The crystals and 220 

capsule materials are later examined for precipitation and evidence of dissolution using a scanning 221 

electron microscope (SEM).  222 

 223 

2.3. Analytical Methods  224 

Unreacted and reacted NdPO4 crystals were studied using a binocular microscope and a 225 

JEOL JSM-IT700HR Field Emission Scanning Electron Microscope (FE-SEM). The crystals were 226 

analyzed without carbon coating, using an acceleration voltage of 2 kV and at a working distance 227 

of 10 mm (Fig. 1).  228 

The Na concentrations of the starting experimental stock solutions (Table 2) were analyzed 229 

using an Agilent 5900 inductively coupled plasma optical emission spectroscopy (ICP-OES) 230 

instrument at the analytical chemistry laboratory at the New Mexico Bureau of Geology and 231 

Mineral Resources, New Mexico Institute of Mining and Technology. Samples were prepared by 232 

dilution with a 2% nitric acid (trace metal grade, Fisher Scientific) blank. Single element Na 233 

standard solution (Inorganic Ventures, CGNA1, 1002 ± 4μg/ml Na) was used for calibration and 234 

diluted with a 2% nitric acid matrix. The analytical reproducibility of Na measurements is better 235 

than 3% in the measured concentration range of 0.2 to 50 ppm.  236 

The Nd spike concentrations (Table 2) were determined using an Agilent 7500 quadrupole 237 

solution ICP-MS instrument at the analytical chemistry laboratory at New Mexico Bureau of 238 

Geology and Mineral Resources. External calibration standards were prepared from a single 239 
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element Nd standard (Inorganic Ventures, CGND1, 1000 ± 3 μg/ml Nd), diluted to various 240 

concentrations (0.5 ppt – 14.2 ppb) in 2% nitric acid matrix (trace metal grade, 70%, Fisher 241 

Scientific). The analytical reproducibility on the measured Nd is better than 2%. The instrument 242 

drift correction was performed using an In-Ir in-line internal standard solution (50 ppb In and 20 243 

ppb Ir, SCP Science).  244 

Isotopic Nd ratios were measured in the quenched experimental solutions using a Thermo 245 

Scientific Neptune MC-ICP-MS, at the Johnson mass spectrometer laboratory at New Mexico 246 

State University. Before analysis, each Faraday cup is calibrated by peak centering on each of the 247 

isotopic masses of Nd’s seven isotopes (142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 148Nd, 150Nd). After 248 

calibration, each Faraday cup measures specific elemental mass to charge ratios, which in turn is 249 

used to evaluate the isotopic ratio of the dissolved Nd (Lin et al., 2016). The internal standard used 250 

for the instrument calibration is JNdi-1 standard from Geological Survey of Japan (Tanaka et al., 251 

2000). After each sample run, the solution nebulizer is rinsed in 2% nitric acid blank to achieve 252 

base line (which is defined as the signal intensity from 2% nitric acid blank). The internal standard 253 

is analyzed before and after sample analysis. The analytical precision associated with the isotopic 254 

ratios of 145Nd/144Nd vary from 0.002% to 0.2% depending on the concentration. Measured 255 

isotopic composition and analytical uncertainty are reported in Table 1 for the experimental 256 

starting stock solutions and in Table 2 for reacted experimental solutions. 257 

 258 

2.4. Data treatment 259 
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Speciation, pH, and ion activity calculations are performed in the Na-Nd-P-Cl-O-H system 260 

using the GEMS code package v.3.7 (Kulik et al., 2013; https://gems.web.psi.ch/), the TSolMod 261 

library (Wagner et al., 2012), and the MINES thermodynamic database (Gysi et al., 2023; 262 

https://geoinfo.nmt.edu/mines-tdb/). The thermodynamic properties of the aqueous species were 263 

calculated using the revised HKF equation-of-state (Helgeson et al., 1981; Shock et al., 1992; 264 

Shock & Helgeson, 1988; Tanger & Helgeson, 1988). The properties of water were taken from the 265 

IAPS-84 equations-of-state (Kestin et al., 1984).  266 

Thermodynamic data for major aqueous P-species (H3PO4
0, H2PO4

-, HPO4
2-, and PO4

3-, 267 

H2P2O7
-2 and HP2O7

-3), Nd hydroxyl complexes (NdOH2+, Nd(OH)2
+, Nd(OH)3

0, and, Cl-, OH-, H+ 268 

were taken from SUPCRT92-slop98.dat (Johnson et al., 1992). These data were derived by Shock 269 

and Helgeson (1988), Shock et al. (1989, 1997), and Haas et al. (1995), hereafter referred to 270 

Supcrt92. The properties of the Nd3+ aqua ion are updated based on the REE phosphate 271 

thermodynamic optimization study by Pan et al. (2024). Thermodynamic data and HKF parameters 272 

that were updated based on high temperature experimental work include: HCl0 from Tagirov et al. 273 

(1997); Nd chloride species (NdCl2+, NdCl2
+) measured up to 300 °C by Migdisov et al. (2009, 274 

2016); Na-species (NaCl0, Na+, NaOH0) and K-species (KCl0, KOH0) optimized by Miron et al. 275 

(2016) using GEMSFITS (Miron et al., 2015). Thermodynamic data for solids include: halite from 276 

Robie and Hemingway (1995); NdPO4 from Ushakov et al. (2001), Thiriet et al. (2005), Popa and 277 

Konings, (2006); Nd oxides and hydroxides from Diakonov et al. (1998), Konings et al. (2014), 278 

and the compilation of Navrotsky et al. (2015). The Gibbs energy of formation of all species in the 279 

Nd-PO4-HCl-NaCl-H2O system are provided in Table S4 along with the references used in 280 

calculations.  281 

https://gems.web.psi.ch/
https://geoinfo.nmt.edu/mines-tdb/
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The activities of aqueous species were calculated at the experimental temperature and 282 

pressure from the measured NaCl and HCl concentrations (via ICP-MS) in the experimental 283 

starting stock solutions, and the Nd and P concentrations, measured in the quenched experimental 284 

solutions (via MC-ICP-MS). The equilibrium pH is calculated in GEMS at each experimental 285 

temperature and pressure from the Gibbs energy minimization and the calculated chemical 286 

potentials of all species within the Nd-PO4-HCl-NaCl-H2O system. Full details about the 287 

GEMS3K chemical solver algorithm are provided in Kulik et al. (2006, 2013).  288 

The extended Debye-Hückel equation (Robinson and Stokes, 2002) was used to calculate 289 

the activity coefficients (γi) of charged species (e.g., Nd3+) according to, 290 

logγ
i
=

-Azi
2√I

1+åB√I
+Γγ+bγI                                                                                                             (Eq. 2) 291 

where I is the effective ionic strength given by,  292 

I= (
1

2
) Σimizi

2                                                                                                                             (Eq. 3) 293 

A and B are the Debye-Hückel parameters (Helgeson and Kirkham, 1974; Helgeson et al., 1981); 294 

å is the ion size parameter (i.e., the model assumes a common value of 3.72 Å for NaCl) and bγ is 295 

the temperature and pressure dependent extended term parameter, which are both consistent with 296 

the NaCl background electrolyte model (Helgeson et al., 1981;  Oelkers and Helgeson, 1990); mi  297 

is the molal concentration of charged species, and zi  is the charge of the ith aqueous species; Γγ is 298 

the mole fraction to molality conversion factor. The activity of water is calculated form the osmotic 299 

coefficient (Helgeson et al., 1981). Because the experimental solutions are prepared with low 300 
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concentrations of NaCl and HCl (Table 2), the overall ionic strength is relatively low and reduces 301 

the uncertainties in the calculated activity coefficient of the charged species.  302 

The solubility product or reaction quotient (Qsp = aNd+3×aPO4
-3) of NdPO4 is calculated 303 

from the activities of Nd+3 and PO4
-3 retrieved for each experimental solution from the speciation 304 

calculations at temperature and pressure using GEMS, according to the reaction, 305 

NdPO4 (s) = Nd+3 + PO4
-3 (Ksp or Qsp)                                                                            (Eq. 4) 306 

The equilibrium constants (Ksp) for this reaction are calculated at each temperature and 307 

pressure using the standard Gibbs energies from thermodynamic tables (Table S4). The NdPO4 308 

saturation indices (SI) are then calculated at each experimental condition according to: 309 

 SI=log (
Qsp

Ksp
)              (Eq. 5) 310 

Large deviations of SI values from 0 were assumed to indicate that the thermodynamic 311 

properties for aqueous species need to be revised over the range of temperature in this study. We 312 

use our experiments to update these Ksp values, where we assume that Qsp=Ksp at NdPO4 saturation. 313 

Note that Eq. 4 is chosen to allow comparison with other solubility studies, but in GEMS one could 314 

also calculate the reaction quotient using the major species present at given pH (e.g., H3PO4
0 at 315 

acidic conditions) and combine them with phosphoric acid dissociation constants calculated from 316 

thermodynamic tables. However, the results will be the same and constrained by internal 317 

consistency of the thermodynamic database and full speciation calculations using GEMS (see also 318 

Gysi et al., 2015, 2018).  319 

 320 
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3. EXPERIMENTAL RESULTS 321 

3.1. Experimental replicates and assessment of experimental uncertainty 322 

 Three experiments were conducted at 500 °C, 1.7 kbar and 0.01 mHCl with durations of 323 

96 h and 168 h. The replicate experiments at 96 h were used to assess the uncertainty while the 324 

experiments with variable equilibration durations were performed to confirm steady-state 325 

conditions between the NdPO4 crystal and the solutions.  326 

 The solubility of NdPO4 reported in Table 2 is expressed as the logarithmic value of the 327 

molality of dissolved NdPO4 (log mNdPO4) without the Nd isotopic spike. The values of log 328 

mNdPO4 are -3.93 (28.2 ppm) and -3.50 (74.9 ppm) for experiments with a duration of 96 h, 329 

respectively and -3.61 (59 ppm) for the experiment with a duration of 168 h (Table 2; Figure S5). 330 

Based on these measured solubilities, it appears that a steady state is attained in the experiments 331 

within 96 h. The average solubility at 500 °C in the non-saline fluid is 54 ± 24 ppm, which 332 

corresponds to an experimental uncertainty of 44%; we apply this uncertainty to all experiments. 333 

The experimental uncertainty is propagated through the geochemical simulations and on all of the 334 

figures that use experimentally derived NdPO4 solubility. These results are consistent with Pourtier 335 

et al. (2010), who observed no significant changes in the measured solubility of NdPO4 at 336 

temperatures as low as 300 °C between durations of 96 h and 15 days of durations using fluid 337 

compositions similar to this study. 338 

 339 

3.2. NdPO4 reaction textures 340 
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Unreacted and reacted crystals and the gold capsule after extraction of solution and run 341 

products were analyzed using a binocular microscope and FE-SEM (Fig. 1). The unreacted NdPO4 342 

crystal has well-defined crystal surfaces and sharp edges showing a monoclinic structure (Figs. 1A 343 

and B). Some of the crystals became brittle and broke into pieces upon opening the gold capsules 344 

after experiments (Fig. 1C). The morphology of the reacted crystals at 500 °C and 1.7 kbar 345 

indicates the development of dissolution textures (i.e., rounded crystals edges with the formation 346 

of etch pits on crystal surfaces; Fig. 1D). An image of the inner walls of a gold cell and NdPO4 347 

crystal surface under SEM indicate significant re-precipitation of NdPO4 upon quenching (Figs. 348 

1E and F); the Nd and P composition and stoichiometry of the secondary precipitates were 349 

confirmed using SEM-EDS analyses.  350 

 351 

3.3. NdPO4 solubility as a function of temperature and salinity 352 

 Nd concentrations vary as a function of both temperature and salinity (Fig. 3). A 353 

comparison between the solubility of NdPO4 in non-saline and saline (0.05 and 0.5 mNaCl) 354 

experimental solutions as a function of temperature is shown in Figure 3A. In the non-saline 355 

experiments, the log mNdPO4 values increase from -3.93 (28 ppm NdPO4) at 500 °C to -2.11 356 

(1,875 ppm NdPO4) at 700 °C. In the saline experiments with 0.05 mNaCl, the log mNdPO4 values 357 

increase from -2.61 (585 ppm NdPO4) at 500 °C to -1.34 (10,858 ppm NdPO4) at 700 °C; the latter 358 

is the highest recorded log mNdPO4 value in this study. In the saline experiments with 0.5 mNaCl, 359 

the solubility trend for NdPO4 becomes reversed (i.e., retrograde) with log mNdPO4 values 360 

decreasing from -1.60 (6,000 ppm NdPO4) to -2.36 (1,040 ppm NdPO4) from 500 to 700 °C.  361 
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 The salinity of the solutions exerts a strong control on NdPO4 solubility in the experiments 362 

as temperature increases from 500 °C to 700 °C (Fig. 3B). At 500 °C, the log mNdPO4 values 363 

increase from -3.93 (28 ppm NdPO4) to -1.60 (6,000 ppm NdPO4) with increasing NaCl 364 

concentrations from 0 to 0.5 mNaCl. At 600 °C, the log mNdPO4 concentrations are higher in the 365 

lower salinity range and increase from -2.63 (557 ppm NdPO4) to -1.88 (3,169 ppm NdPO4) as 366 

NaCl concentrations increase from 0 to 0.5 mNaCl. At 700 °C, the log mNdPO4 values are 367 

significantly higher in the at low salinity where they increase from -2.11 (1,875 ppm NdPO4) to -368 

1.34 (10,858 ppm NdPO4) at NaCl concentrations from 0 to 0.05 mNaCl. In contrast, the log 369 

mNdPO4 values subsequently decrease from -1.34 (10,858 ppm NdPO4) to -2.36 (1,040 ppm 370 

NdPO4) at 700 °C as NaCl concentrations increase from 0.05 to 0.5 mNaCl.  371 

 The linear relationship of log mNdPO4 and the concentration of NaCl (mNaCl) can be 372 

defined empirically:   373 

log mNdPO4 = m(𝑚𝑁𝑎𝐶𝑙) + b                                                                                                  (Eq. 6) 374 

where m and b are the slope and intercept for each isotherm at 1.7 kbar (Fig. 3B). The resulting 375 

fits yield: m = 3.89 (±0.91) and b = -3.48 (±0.27) at 500 °C, m= 1.33 (±0.91) and b= -2.53 (±0.27) 376 

at 600 °C; m=-1.20 (±0.92) and b= -1.72 (±0.27) at 700 °C, where errors (±1σ) are determined 377 

using experimental uncertainty and Monte-Carlo regression. The temperature dependence of the 378 

slope term and the intercept between 500 and 700 °C and 1.7 kbar (Fig. 3C) is given by 379 

m= -0.03T + 16.61                                                                                                            (Eq. 7) 380 

b= 0.01T – 7.86                                                                                                               (Eq. 8) 381 
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 382 

4. DISCUSSION 383 

4.1. Nd speciation as a function of chlorinity and pH 384 

The solubility of NdPO4 not only depends strongly on temperature but also the salinity and 385 

the calculated pH of the experimental solutions, both affecting Nd speciation (Table 3). The Nd 386 

species that control solubility in the experiments can be derived from the stoichiometric 387 

relationship by combining the NdPO4 solubility reaction (Eq. 4) with aqueous speciation reactions 388 

including Nd chloride, Nd hydroxyl, and phosphate species: 389 

NdPO4+2Cl
-
+3H

+⇌NdCl2
+
+H3PO4

0
                                                                                         (Eq. 9) 390 

NdPO4+Cl
-
+3H

+⇌NdCl
2+

+H3PO4
0
                                                                                       (Eq. 10) 391 

NdPO4(s)+3H+⇌Nd
3+

+H3PO4
0
                                                                                                (Eq. 11) 392 

NdPO4(s)+H2Ol+2H
+⇌Nd(OH)

+2
+H3PO4

0
                                                                            (Eq. 12) 393 

NdPO4(s)+2H2Ol+H+⇌Nd(OH)
2

+
+H3PO4

0
                                                                               (Eq. 13) 394 

NdPO4(s)+3H2Ol⇌Nd(OH)
3

0
+H3PO4

0
                                                                                      (Eq. 14) 395 

NdPO4(s)+3H2Ol⇌Nd(OH)
3

0
+H2PO4

-
+H+                                                                               (Eq. 15) 396 

2NdPO4(s)+5H2Ol⇌2Nd(OH)
3

0
+H2P2O

7

-2
+2H

+
                                                                      (Eq. 16) 397 

The slope relationships determined by linear regression of log mNdPO4 and log mCl or pH 398 

(Fig. 4) correspond to an average stoichiometry controlled by one or several reactions in Eqs. 9-399 
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16 above. Correlations between log mNdPO4 and log mCl that yield a slope of 2 indicate NdCl2
+ 400 

dominance (Eq. 9), a slope of 1 indicate NdCl+2 (Eq. 10), and a slope of 0 indicates Nd3+ (Eq. 11) 401 

and all hydroxyl species (i.e., because the reactions are independent of Cl activity). Correlations 402 

between log mNdPO4 and pH that yield a slope of -3 indicates predominance of Nd3+ (Eq. 11) or 403 

Nd chloride species, a slope of -2 indicates Nd(OH)+2 (Eq. 12), a slope of -1 indicates Nd(OH)2
+ 404 

(Eq. 13), and a slope of 0 indicates Nd(OH)3
0 (Eq. 14). Finally, a positive slope of 1 is expected if 405 

Nd3+ is complexed with either H2PO3
- or the polyphosphate H2P2O7

-2 species (Eqs. 14-16).  406 

At 500 °C, the regressed slope between log mNdPO4 vs. log mCl corresponds to an average 407 

stoichiometry of 1.24 (± 0.29) indicating that the NdCl+2 species predominates with subordinate 408 

NdCl2
+ (Fig. 4A; Eqs. 9-10). At 600 °C, the slope decreases to 0.45 (± 0.29) indicating a 409 

combination of NdCl2+ and Nd hydroxyl species control NdPO4 solubility (Fig. 4C). At 700 °C, 410 

NdPO4 solubility is independent of log mCl concentrations with a slope close to 0 (Fig. 4E), 411 

indicating that Nd hydroxyl species control NdPO4 solubility. The average Cl stoichiometry 412 

derived from the linear regressions above can be subtracted from log mNdPO4 to assess the 413 

stability of subordinate Nd hydroxyl species as a function of pH (Fig. 4B, D). Corrected log 414 

mNdPO4 are independent of pH at 500 and 600 °C, which indicates that the neutral Nd(OH)3
0 415 

species is the predominant hydroxyl species in these experiments (Fig. 4B, D).  416 

The pH values are calculated using GEMS at temperature and pressure for each 417 

experimental solution (Table 3). In the 700 °C experiments, the trend in log mNdPO4 with pH is 418 

ambiguous when calculated pH values exceed 6.7 (Fig. 4F). Speciation calculations at 700 °C 419 

predict stabilization of polyphosphate species (H2P2O7
-2 and HP2O7

-3; Table 3). The predicted 420 

predominance of polyphosphate species at >600 °C and pH >5 has previously been described in 421 
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Pourtier et al. (2010). However, the accuracy in extrapolating the thermodynamic properties of 422 

these polyphosphate aqueous species using the HKF equation of state parameters from Shock and 423 

Helgeson (1988) and Shock et al. (1989, 1997) is unknown at high temperatures. Therefore, to be 424 

conservative in our interpretation of these data, we report speciation data for the 700 °C 425 

experiments in Table 3, but do not use the calculated pH to derive species stoichiometry of Nd 426 

hydroxyl species. 427 

 428 

4.2. Speciation and Nd mineral saturation index calculations 429 

The Nd species stoichiometry derived from linear regression (Figure 4) generally agree 430 

with the calculated species activities (Table 3; Fig. 5). Figure 5 shows the activity of Nd3+ is low 431 

(Fig. 5A) and that NdCl+2 species control NdPO4 solubility in the low pH range (~2 to 5.5; Fig 432 

5B). Increased stabilization of the Nd(OH)2
+ (Fig. 5E) and Nd(OH)3

0 (Fig. 5F) species occurs at 433 

high pH (~5.5 to 7). The properties for REE chloride and HKF equation of state parameters derived 434 

by Migdisov et al. (2009) are based on experimental data collected up to ~300 °C, and therefore 435 

the extrapolations to calculate speciation at temperatures of 500 to 700 °C have a high uncertainty 436 

in their accuracy. This is reflected, for example, in the calculated saturation indices (SI) for NdPO4 437 

described below. Similarly, the thermodynamic properties derived by Haas et al. (1995) for the 438 

REE hydroxyl complexes and the HKF equation of state parameters generated in their study are 439 

based on low temperature experiments (generally <100 °C). Hence, the following discussion on 440 

Nd speciation in the experiments describes the overall speciation trends of the experimental 441 

solutions as a means to interpret the Nd solubility results, but their accuracy is uncertain. 442 
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 The NdCl2+ species is predicted to be the most stable Nd chloride species in the 443 

experimental solutions (Table 3, Fig. 5B), which is consistent with the stoichiometry determined 444 

from linear regression in Figure 4. At 500 °C, increasing salinity from 0 to 0.5 mNaCl results in a 445 

pH increase from 2.5 to 6.1 and concomitantly increases the stability of both the NdCl2+ and 446 

NdCl2
+ species (Fig. 5A, C). In contrast, experiments conducted at 600 °C display a slight decrease 447 

in the calculated NdCl2+ species activity with increased NaCl concentration due to increased pH 448 

values from 4.2 to 6.7 and stabilization of the Nd hydroxyl complexes (Fig. 5C), which is 449 

consistent with reaction stoichiometry (Fig. 4).  450 

 Another factor to consider is the potential saturation of secondary REE solid phases that 451 

could affect the precipitation of Nd in the experiments (Table 4). Figure 6 shows a summary of 452 

calculated pH values (Table 3) and saturation indices for Nd phosphate, hydroxide and oxide as a 453 

function of NaCl concentrations (Table 4). The precipitation of other REE phases either upon 454 

saturation at the experimental temperature or quenching does not affect the calculated dissolved 455 

NdPO4 because the isotope dilution method is used. Therefore, the Nd isotopic composition only 456 

depends on how much Nd dissolved from the NdPO4 and not on the amounts of precipitated solids. 457 

The calculated pH of the experimental solutions reaches values ≥2.5 with increased temperature 458 

and salinity (Fig. 6A). The REE solid saturation indices (Figs. 6 B-D; Eqs. 4 and 5) indicate that 459 

NdPO4 is oversaturated in all of the experiments, whereas Nd hydroxide and oxide are predicted 460 

to be undersaturated at low salinities and at a temperature of 500 °C. At 600 °C and NaCl 461 

concentrations of 0.05 to 0.5 mol/kg, Nd hydroxide and oxide are predicted to be close to saturation 462 

or oversaturated. While the speciation calculations result in the supersaturation of these minerals, 463 
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a saturation index reaching 12 (i.e., experiment EF1-7, Table 4) for NdPO4 indicates a problem 464 

with the thermodynamic properties for the Nd compounds.  465 

 466 

4.2. Comparison to previous NdPO4 solubility studies: implications for the thermodynamic 467 

properties of REE aqueous complexes in supercritical fluids 468 

Figure 7 shows a comparison between NdPO4 solubility values determined in experiments 469 

from the literature (Table 5) and modeling predictions as a function of temperature between 100 470 

and 800 °C. Overall, the experimentally derived data for NdPO4 solubility display an increase of 471 

~6-6.5 orders of magnitude from 100 to 800 °C. This corresponds to a concentration range of 1.6 472 

ppb (10-3 ppm) to 0.2 ppm NdPO4 (log mNdPO4 = -8.2 to -6) at temperatures between 100 and 473 

300 °C at the saturated water vapor pressure, and concentrations ranging from 0.5 to 644 ppm 474 

NdPO4 (log mNdPO4 = -5.7 to -2.6) at temperatures between 300 and 800 °C at higher pressures. 475 

Differences between the log mNdPO4 values from this study and Pourtier et al. (2010), who also 476 

conducted experiments at temperatures ≥500°C, are due to differences in experimental pH, ionic 477 

strength, chlorinity and the stabilized Nd-ligand (i.e., Nd3+ aqua ion, Nd chloride, Nd hydroxyl). 478 

Additional variations between experimental studies are often due to addition of phosphorus in the 479 

lower temperature experiments (Table 5), which reduces the NdPO4 solubility considerably. 480 

Nevertheless, despite their broad pH range, the overall trend shown in Figure 8 clearly indicates 481 

large discrepancies between the modeled NdPO4 solubility versus the experimentally measured 482 

values. These discrepancies become very large at temperatures above 400 °C.  483 
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Experimental conditions and methods of this study are similar to experiments conducted 484 

by Pourtier et al. (2010), who investigated NdPO4 solubility as a function of pH and chlorinity in 485 

H2O–NaCl ± HCl ± NaOH fluids at 350-800 °C and 2–5 kbar. The NdPO4 solubility is 1 – 3 orders 486 

of magnitude higher at a given temperature in Cl-rich fluids in this study compared to the solubility 487 

in Cl-poor fluids in Pourtier et al. (2010) (e.g., Fig. 8). Thus, differences in NdPO4 solubility arise 488 

from compositional variation in experimental fluids between these studies. Pourtier et al. (2010) 489 

used H2O in isotope dilution experiments from 350-800°C, whereas our experiments were 490 

conducted in HCl ± NaCl fluids. Pourtier et al. (2010) also reports NdPO4 solubility results 491 

determined by mass loss at 650°C for six HCl and NaCl-bearing experiments, which overlap with 492 

our dataset (log mNdPO4 ranges from -3.21 to 2.37; Table S6). In this study the NdCl2+ species is 493 

predominant at 500 °C (Fig. 5B), that activity of NdCl2+ is similar to Nd(OH)3
0 (Fig. 5F) at 600 494 

°C and Nd(OH)3
0 indicated to predominate at 700 °C (Figure 5; Figure S5). At lower chlorinity in 495 

Pourtier et al. (2010), the Nd(OH)3
0 is the dominant species in all experiments.  496 

Experimental data from Pourtier et al. (2010) were assessed using GEMS to model the 497 

variations in pH and predicted speciation and compare to results from this study (Table S6). The 498 

pH values predicted using GEMS for experimental solutions in Pourtier et al. (2010) agree within 499 

≤0.2 log units with their calculations. Calculated pH values at temperatures ≥450 °C in this study 500 

(see Table S6 and Pourtier et al., 2010, their Table 2) are systematically higher than those reported 501 

in Pourtier et al. (2010). This discrepancy is likely due to our use of the updated thermodynamic 502 

data for Na+ and NaOH0 from Miron et al. (2016). The Nd chloride and Nd hydroxyl species 503 

predicted in this study and those reported in Pourtier et al. (2010) are similar (Table 5; Table S6). 504 

The Nd(OH)2
+ and Nd(OH)3

0 predominate speciation at pH of 4 – 5 at 350 to 800 °C and Nd(OH)3
0 505 
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predominates at pH of >5.8 in experiments from Pourtier et al. (2010). The NdCl+2 species is 506 

predominant in most experiments where mCl > mNa (Table S6), which is consistent with results 507 

from this study where mCl is always larger than mNa. For experiments where mNa > mCl, the 508 

dominant phosphate species in experiments from Pourtier et al. (2010) varies between H2PO4
- or 509 

H3PO4
0, similar to our results (Table 3). We also find that the activity of the polyphosphate species, 510 

H2P2O7
-2, is elevated (10-4.8 to 10-3.6; Table S6) and comparable to either H2PO4

- or H3PO4
0 in 511 

experiments that have been buffered with phosphoric acid or where log mNdPO4 > -3.8. 512 

Differences in speciation calculations between this study and Pourtier et al. (2010) results mostly 513 

from updated thermodynamic properties for Nd chloride species, which are based on Migdisov et 514 

al. (2009) in this study.  515 

Finally, the predicted solubility of NdPO4 (Eq. 4; Figure 7) depends on the updated 516 

thermodynamic properties of NdPO4 (Ushakov et al. (2001), Thiriet et al. (2005), Popa and 517 

Konings, (2006), Nd3+ (updated to 300 °C in Pan et al., 2024), Nd chloride complexes (updated to 518 

300 °C in Migdisov et al., 2009) and hydroxyl complexes (Haas et al., 1995) which have been 519 

extrapolated to the high temperatures used in this study. The Nd chloride species were updated 520 

based on experimental data (Migdisov et al., 2009) and generally show a good reproducibility 521 

between the NaCl- and HCl-bearing experiments up to ~350 °C. Above this temperature it is 522 

apparent that modeled predictions no longer reproduce the experimentally measured Nd solubility, 523 

therefore it is important that the Nd chloride species need to be updated taking into consideration 524 

high temperature experimental data. Similarly, the prediction of Nd hydroxyl species relevant for 525 

experiments at higher pH values such as experiments conducted at pH of 5 to 7 (Gibert and Montel, 526 

1996) also rely on extrapolations of low temperature thermodynamic data from Haas et al. (1995). 527 
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These extrapolations do not reproduce experimentally measured solubilities at high temperature 528 

and therefore need to be revised.  529 

 530 

4.3. Derivation of the solubility product (logQsp) and effects of temperature on NdPO4 solubility 531 

The solubility data of the studies listed in Table 5 were used to recalculate the solubility 532 

product of NdPO4 according to Eq. 4 as a function of pressure and temperature. While the 533 

calculated activity of Nd3+ (Table 3) will depend on the stability of the chloride and hydroxyl 534 

species (Eqs. 9-16), we assume here that the calculated activities of Nd3+ and PO4
3- can be used as 535 

a first approximation to determine the equilibrium constant Qsp (assumption Qsp = Ksp) of the 536 

NdPO4 dissolution reaction in the experimental solutions (Fig. 8). Monazite solubility experiments 537 

have been grouped together into logQsp values derived at Psat (VanHoozen et al., 2020; Cetiner et 538 

al. 2005; Poitrasson et al., 2004) and between 1.7 to 2 kbar (this study; Pourtier et al., 2010; Gilbert 539 

and Montel, 1996) to compare them to our experimental data (Table 6). Note that other REE 540 

phosphate solubility experiments by Tanis et al. (2012) and Ayers and Watson (1991) indicate that 541 

pressure has a minimal effect on the solubility of REE phosphate.  542 

The logQsp values (Fig. 8) determined for experiments ≥ 300 to 800 °C can display 543 

relatively large variations due to the broad pH range and chemistry of the solutions used in these 544 

experiments (Table 5). Nevertheless, a fit through the experimental solubility data indicates clear 545 

trends when comparing the solubility curves at Psat and elevated pressure (Fig. 8). Overall, NdPO4 546 

displays a retrograde solubility product (Eq. 4) with increasing temperature at both sub- and 547 

supercritical temperatures; solubility in supercritical fluids is however higher at given temperature 548 
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than at subcritical conditions. In contrast to the predicted solubility products, the measured 549 

experimental solubility data suggest a prograde solubility displaying an overall increase of log 550 

mNdPO4 concentrations with temperature (Fig. 8) and salinity (Figs. 4 and 8). The cause of this 551 

apparent discrepancy is due to the formation of aqueous chloride and hydroxyl complexes, and 552 

therefore the association of the Nd3+ aqua ion with Cl- and OH- ligands (Eqs. 9-16). The 553 

stabilization of the Nd chloride and hydroxyl species reduces the calculated activities of Nd3+ and 554 

hence drive the NdPO4 dissolution reaction in Eq. 4 to the right. Further investigations of the 555 

thermodynamic constants for REE chloride and hydroxyl species are therefore essential to 556 

accurately predict the solubility of monazite in supercritical fluids. Nevertheless, the new logKsp 557 

functions derived in this study (Table 6) provide a means to predict the solubility behavior of 558 

NdPO4 at elevated temperature. 559 

 560 

4.4. Geological significance in peralkaline granitic systems: controls of pH, salinity, and 561 

temperature on monazite solubility 562 

Acidic saline hydrothermal fluids exsolving from crystallizing magma bodies have the 563 

potential to mobilize REE and other incompatible elements. Plutonic rock types associated with 564 

magmatic-hydrothermal REE deposits include A-type peralkaline granitic intrusions (e.g., 565 

Khaldzan-Buregtey, Mongolia, Kovalenko et al., 1995; Bokan Mountain, Alaska, USA, Dostal et 566 

al., 2014) and biotite-bearing granite and pegmatites (e.g., Capitan Pluton, New Mexico, USA; 567 

Banks et al., 1994). Here, the Strange Lake REE-Zr-Nb deposit is used as a case study to emphasize 568 

the importance of experimentally determined monazite solubility data in supercritical NaCl-569 
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bearing fluids for interpreting controls on REE mobility and ore formation in hydrothermal-570 

magmatic systems.  571 

The Strange Lake peralkaline granitic system is host to a world-class REE-Zr-Nb deposit 572 

with a strong hydrothermal overprint that led to REE mobilization and further enrichment in 573 

hydrothermal alteration zones around pegmatites (Gysi et al., 2013, 2016; Vasyukova and 574 

Williams-Jones, 2018). The primary mineralogy consists of feldspar, arfvedsonite, quartz, 575 

zironosilicates and secondary Zr- and REE-minerals including zircon, gittinsite, allanite, 576 

gadolinite, fluorocarbonates and REE-enriched fluorite (e.g., Gysi et al., 2013, 2016). Although 577 

Strange Lake is not a phosphorous-rich system, monazite is observed in this deposit, and also 578 

commonly found in other (per)alkaline granitic to syenitic REE deposits, such as Nechalacho in 579 

Canada (Sheard et al., 2012; Möller and Williams-Jones, 2016). 580 

Numerical simulations were conducted using GEMS to evaluate the controls of pH, 581 

temperature, and salinity on monazite solubility at conditions relevant to peralkaline granitic 582 

systems using Strange Lake as a case study (Fig. 9). In the simulations, a saline hydrothermal 583 

acidic fluid with 0.1-1 mNaCl, 0.01 mHCl and 0.01 mP was equilibrated with a Strange Lake 584 

average pegmatite bulk composition taken from the study by Gysi et al. (2013). The major 585 

components of the pegmatite include Na-K-Ca-Fe-Al-Si-REE-Zr-F-O-H, which were used to 586 

buffer the fluid using a fluid to rock ratio of 1. The mobility of REE is assumed to be controlled 587 

by the solubility of REE phosphate solid solutions (monazite and xenotime) and REE fluorides. 588 

This rock buffered system was used to model the equilibrium alteration mineralogy of the 589 

pegmatite, the pH of the fluid, and the solubility of monazite (using NdPO4 as a proxy for REE 590 

mobility) and two different salinities (0.1 and 1 mNaCl). In one fluid, 1 mHCl was added to 591 

investigate monazite solubility for an acidic fluid buffered system. 592 
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The simulated alteration mineralogy (Fig. 9A) reproduces closely field observations (Gysi 593 

et al., 2013, 2016) with the presence of quartz, alkali feldspar, plagioclase, hematite and aegirine 594 

in the rock buffered altered pegmatite zones, and minerals like zircon, REE fluorides and fluorite 595 

typically observed in alteration zones and veins. At rock buffered conditions, the pH in 0.1 and 1 596 

mNaCl fluids ranges between ~4.9−5.5 at 450 °C and increases to ~7−7.5 at 700 °C. The higher 597 

salinity fluids typically result in slightly lower calculated pH values (Fig. 9B). In contrast, addition 598 

of 1 mHCl reduces the pH to ~4.25 at 450 °C and to ~5 at 700 °C for a fluid buffered model, due 599 

to an excess amount of protons (H+) released from the acids. The fluid buffered model overcomes 600 

neutralization by cations released from the rock (e.g. K+, Ca2+, etc.), even at a fluid to rock ratio 601 

of 1. 602 

Salinity and pH of the fluid have a strong effect on the simulated monazite solubility (Fig. 603 

9C). In the rock buffered model with 0.01 mHCl and 0.1 m NaCl, the logarithm mNdPO4 increases 604 

between 450 to 700 °C but remains below log mNdPO4 values of -7.5. Increasing NaCl 605 

concentrations of the fluid to 1 mNaCl results in an increase of NdPO4 solubility by ~1 to 2.5 606 

orders of magnitude due to formation of Nd chloride aqueous species despite the rock buffered pH 607 

of these two fluids. In contrast, addition of 1 mNaCl and 1 mHCl (i.e., fluid buffed low pH values) 608 

results in another increase of solubility above log mNdPO4 values of ~ -5 to -4.5 indicating that 609 

the REE are more mobile in acidic saline fluids, which is in line with the modeling study by Gysi 610 

et al. (2013). However, the simulations considerably underestimate the solubility of monazite (Fig. 611 

9C) because the thermodynamic properties of REE chloride aqueous species at such high 612 

temperature and pressure conditions require revision. This becomes apparent when comparing the 613 

simulated NdPO4 solubility with the calculated values using the empirical fits from Eqs. 7-8. The 614 

calculated log mNdPO4 values are ~4 to 6 orders of magnitude higher than the simulated monazite 615 
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solubility at equivalent salinity of 0.1 mNaCl. Furthermore, the empirical fits display a much 616 

steeper solubility increase with temperature in the comparison to the simulations that level off at 617 

temperatures > 550−600 °C. Further addition of NaCl and using empirical fits from Eqs. 7-8 would 618 

result in a solubility reversal (not shown in this figure), where NdPO4 solubility becomes 619 

retrograde and decreases with temperature. This behavior is not captured in the simulations, partly 620 

because the simulations are buffered by rock forming minerals which affects the pH and because 621 

they are more complex with several REE phosphate and fluoride phases controlling REE solubility. 622 

Therefore, this shift from REE chloride (more soluble) to REE hydroxyl (less soluble) controlled 623 

aqueous speciation and the solubility reversal are not captured by current thermodynamic models. 624 

These processes could prove to be important for the mobilization/precipitation mechanisms of 625 

REE in natural geologic systems in highly saline fluids at temperatures >500 °C. 626 

 627 

5. CONCLUSION 628 

We measured NdPO4 solubility at 500, 600 and 700 °C and 1.7 kbar pressure using gold 629 

capsules in cold-seal pressure vessels combined with the isotope dilution technique. Measured 630 

NdPO4 solubility ranges from 28.2 ppm to 10858 ppm and varies as a function of temperature and 631 

salinity. At 500 °C, there is a linear correlation between NdPO4 molality and mCl with a slope of 632 

1.2, indicating that the NdCl2+ is predominant and controls NdPO4 solubility. The slope derived 633 

from the linear correlation of mNdPO4 and mCl gradually decreases to 0.5 and 0 at 600 and 700 634 

°C, respectively indicating that NdCl2+ becomes less stable at these experimental conditions and 635 

Nd(OH)3
0 becomes predominant.  636 
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The average stoichiometry determined from linear correlation of log mNdPO4 with log 637 

mCl and pH are supported by speciation calculations using GEMS. In the experiments with 638 

pH<6.7, increasing salinity promotes NdPO4 dissolution, due to increasing chloride ion activity 639 

and the stabilization of aqueous NdCl+2. In experiments with pH>6.7, chloride complexes 640 

destabilize, owing to its increased association with H+ and Na+, which produces in the solubility 641 

trend reversal and the dominance of hydroxyl complexes. We used speciation calculations to re-642 

evaluate and optimize values of solubility equilibrium constants (logKsp) for NdPO4 using our 643 

experiments and experimental results compiled from the literature. These updated log Ksp values 644 

can be used to improve modeling predictions for the solubility of NdPO4 in supercritical fluids. 645 

We conducted a series of numerical simulations of fluid-rock interaction between saline 646 

fluids and a Strange Lake felsic intrusion to assess the differences between predicted and 647 

empirically determined NdPO4 solubility at high temperature. The simulations underestimate 648 

NdPO4 solubility by 4-6 orders of magnitude at high temperature, indicating that the 649 

thermodynamic data for Nd chloride species requires revision. The results demonstrate that Cl-650 

bearing exsolved fluids from crystallizing plutons have the potential to mobilize large amounts of 651 

light REE at high temperature and may play an important role in redistributing REE in areas 652 

adjacent to cooling plutons. 653 
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APPENDIX A. SUPPLEMENTARY MATERIAL 681 

Supplementary Materials include two tables and one figure. The tables include regular spike 682 

measurements through time via ICP-MS to monitor the stability of the spike (Table S1) and the 683 

masses involved in creation of the experimental solutions (Table S2) from section 2.1. We also 684 

include a supplementary figure (Figure S1) that addresses the workflow for sample extraction 685 

following the experiment. 686 
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Figure Captions: 955 

Figure 1: Photomicrographs and SEM images of unreacted (A – B) and reacted (C – D) synthetic 956 

NdPO4 crystals at 500, 600, and 700 °C. (A – B) Unreacted crystals are monoclinic and exhibit 957 

clean sharp edges. (C – D) The reacted crystals have turned brittle and show the development of 958 

dissolution textures with the formation of etched surfaces and rounded edges. (E – F) Secondary 959 

NdPO4 precipitates upon quenching on the capsule walls. 960 

 961 

Figure 2: Schematic illustration of the Nd isotope dilution technique used to measure dissolved 962 

NdPO4 concentrations in the experiments. The capsule contains initially a solution with known 963 

quantity of Nd spiked experimental solution (145Nd/144Nd = 87.065 ± 0.005), whereas the NdPO4 964 

has a lower natural isotopic 145Nd/144Nd ratio of 0.348412 ± 0.000004. As the NdPO4 dissolves at 965 

the experimental temperature and pressure, the natural 145Nd/144Nd ratio from NdPO4 dilutes the 966 

enriched spike 145Nd/144Nd. Upon quenching of the experiments, the resulting 145Nd/144Nd ratio in 967 

the reacted experimental solution will have the same ratio as secondary NdPO4. 968 

 969 

Figure 3: NdPO4 solubility (log mNdPO4; Table 2) as a function of (A) temperature (°C) and (B) 970 

salinity (mNaCl). Colors represent different experimental temperatures and symbols represent 971 

different NaCl concentrations. The solubility increases from 500 to 700 °C and with increased 972 

salinity to 0.05 mNaCl. In (A), the lines joining the experiments with the same salinities are strictly 973 

for better visualization of the data. In (B), solubility data are fitted as a function of salinity using 974 
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Eq. 6, where m and c are defined as functions of temperature represented in (C), using Eq. 7 and 975 

8.  976 

 977 

Figure 4: Logarithmic molality of NdPO4 plotted against logarithmic chlorinity and pH at (A, B) 978 

500 °C, (C, D) 600 °C and (E) 700 °C. Slopes from linear regressions indicate the average 979 

stoichiometry of Nd speciation reactions with chlorine and hydroxyl groups (Eq. 9-16). NdPO4 980 

solubility increases with salinity at 500 and 600 °C. At 700 °C, calculated pH becomes unreliable 981 

due to uncertainties in thermodynamic properties of polyphosphate species and aqueous Nd 982 

species (F). 983 

 984 

Figure 5: Logarithmic function of activities of the aqueous Nd+3 (A), NdCl2+ (B), 985 

NdCl2
+ (C), Nd(OH)2+ (D) Nd(OH)2

+ (E), Nd(OH)3
0 (F) species as function of experimental pH, 986 

at 500 and 600°C and 1.7 kbar. Calculations were carried out using the GEMS code package and 987 

the MINES thermodynamic database with results listed in Table 3.  The color and symbol code 988 

are the same as in Figure 3. 989 

 990 

Figure 6: Calculated equilibrium pH (A) and REE solid saturation indices (SI) for Nd(OH)3 (B), 991 

NdPO4 (C) and Nd2O3 (D), as a function of NaCl concentrations (mol/kg) and temperature between 992 

500 and 700 °C at 1.7 kbar. Values plotting above the line indicate supersaturation and values 993 

below the line under saturation with the respective REE solids. Calculations were carried out using 994 
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the GEMS code package and the MINES thermodynamic database with results listed in Table 4. 995 

The color and symbol code are the same as in Figure 3. 996 

 997 

Figure 7: Logarithm of the molality of dissolved NdPO4 (log mNdPO4) versus temperature (°C) 998 

between 500 and 700 °C at 1.7 kbar derived in this study in comparison to predicted curves 999 

calculated using GEMS and existing thermodynamic properties for REE extrapolated from low 1000 

temperature data. Details about other experimental studies are summarized in Table 5 and include 1001 

solubility measurements by Van Hoozen et al. (2020) in perchloric acid based aqueous solutions 1002 

between 100 and 250 °C at saturated water vapor pressure; Poitrasson et al. (2004) in hydrochloric 1003 

acid based aqueous solutions between 200 and 300 °C at saturated water vapor pressure; Pourtier 1004 

et al. (2004) in pure H2O and NaCl-HCl-H2O solutions at 2 kbar and between 300 and 800 °C.   1005 

 1006 

Figure 8: Logarithm of the solubility product (Qsp) of NdPO4 as a function of 1000/T (where T is 1007 

in Kelvin) derived from the solubility data in this study and a compilation of experimental studies 1008 

summarized in Table 5. The solubility product corresponds to Eq. 6. Fitted functions for the 1009 

empirical logKsp-T relationships are summarized in Table 6. 1010 

 1011 

Figure 9: The equilibrium alteration mineralogy (A) predicted to occur between a peralkaline 1012 

granitic system (pegmatite) and acidic saline fluids in a fluid rock ratio of 1 is shown as a function 1013 

of temperature. The pH range of the a 0.1 mNaCl/0.01 mHCl system (blue), a 1 mNaCl/0.01 mHCl 1014 

system (red), and a 1 mNaCl/1 mHCl system (green) (B) are shown as temperature increases from 1015 
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450 to 700 °C. Predicted monazite solubility for each system in (B) are shown with the calculated 1016 

monazite solubility (black) using the empirical fits from Eqs. 7-8 (C). 1017 
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Table 1: Natural abundance of the Nd isotopes and isotopic composition 

of the 145Nd enriched spike. 

Isotope Natural abundance (%) Abundance in spike (%)1 

142Nd 27.15 ± 4 0.3163 ± 0.0007 

143Nd 12.17 ± 2.6 4.59 ± 0.01 

144Nd 23.79 ± 1.9 1.047 ± 0.002 

145Nd 8.29 ± 1.2 91.2 ± 0.2 

146Nd 17.19 ± 3.2 2.676 ± 0.006 

148Nd 5.76 ± 2.1 0.1265 ± 0.0002 

150Nd 5.64 ± 2.8 0.063 ± 0.002 

1 The isotope abundance in the spike is measured via MC-ICP-MS 
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Table 2: Measured 145Nd/144Nd ratio via MC-ICP-MS and total dissolved NdPO4 at 500-700°C and 1.7 kbar and errors. 

Runs T Time Crystal Solution Nd spike1 error2 mNaCl3 mHCl 145Nd/144Nd error4 
dissolved 

NdPO4 
error5 

experimental 

error6 
log (mNdPO4)7 

 (°C) (hours) (mg) (mg) (ppm) % (mol/kg) (mol/kg)  % (ppm) % % 
(mol/kg) 

 

EF4-9 500 168 22.4 90.56 0.253 2 N/A 0.01 0.375410 0.22 59 2 6 -3.61 

EF4-11 500 96 18.4 72.89 0.253 2 N/A 0.01 0.404918 0.05 28.2 2 6 -3.93 

EF4-13 500 96 13.48 94.95 0.253 2 N/A 0.01 0.369697 0.04 74.9 2 6 -3.50 

EF4-12 600 96 16.5 65.56 0.253 2 N/A 0.01 0.351303 0.01 557 2 6 -2.63 

EF4-5 700 168 11.2 38.97 0.253 2 N/A 0.01 0.349295 0.01 1875 2 6 -2.11 

EF2-2 500 168 7.9 77.51 0.263 0.7 0.05 0.01 0.351274 0.01 585 0.7 6 -2.61 

EF2-4 600 96 7.6 65.87 0.263 0.7 0.05 0.01 0.350029 0.03 1045 0.7 6 -2.36 

EF2-5 700 96 17.9 45.61 0.263 0.7 0.05 0.01 0.348598 0.002 10858 0.7 6 -1.34 

EF1-7 500 96 10.2 83.03 0.251 0.7 0.5 0.01 0.348709 0.003 6000 0.7 6 -1.60 

EF1-3 600 168 8.7 58.87 0.251 0.7 0.5 0.01 0.348944 0.01 3169 0.7 6 -1.88 

EF1-4 700 168 14.3 58.21 0.251 0.7 0.5 0.01 0.349965 0.03 1040 0.7 6 -2.36 

1 Nd spike concentration is measured via ICP-MS and the corresponding error percentage on the final spike concentration. 
2 The RSD value calculated from repeated analysis of the spike 
3 The final NaCl concentration is measured by the ICP-OES. 
4 The error in percentage on the measured 145Nd/144Nd occurring as a result of mass bias on the MC-ICP-MS 
5 The final propagated error (percentage) on the final total dissolved NdPO4 is also given 
6 The RSD value calculated on the measured log mNdPO4  
7 The 145Nd/144Nd isotope ratio is obtained using MC-ICP-MS, which is then use to solved for the moles of dissolved Nd in the experimental 

solutions contributed by the NdPO4 only at experimental conditions. Since the molar ratio of Nd to NdPO4 is 1:1, the total moles of dissolved 

Nd is the direct measure of the total dissolved NdPO4, which we report as the logarithm of moles of NdPO4 dissolved (log mNdPO4). 
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 1039 
Table 3: Calculated pH and aqueous Nd and P species activities (a) at 500-700°C and 1.7 kbar. 

Runs T (°C) pHT,P
1 I2 

log 

aNd+3 

log 

aNdCl+2 

log 

aNdCl2
+ 

log 

aNdOH+2 

log 

aNd(OH)2
+ 

log 

aNd(OH)3
0 

log 

aNaOH 

log 

aNaCl 

log 

aHCl 

log 

aCl- 

log 

aHPO4
-2 

log 

aH2PO4
- 

log 

aH3PO4
0 

log 

aPO4
-3 

log 

aH2P2O7
-2 

log 

aHP2O7
-3 

0 mNaCl 

EF4-9 500 2.5 0.004 -9.40 -3.96 -7.71 -7.74 -8.62 -11.32 N/A N/A -2.25 -2.47 -12.89 -5.95 -3.62 -24.47 -8.59 -15.02 

EF4-11 500 2.5 0.004 -9.70 -4.27 -8.03 -8.07 -8.97 -11.69 N/A N/A -2.23 -2.48 -13.25 -6.29 -3.93 -24.86 -9.27 -15.72 

EF4-13 500 2.5 0.004 -9.30 -3.86 -7.61 -7.63 -8.50 -11.18 N/A N/A -2.26 -2.47 -12.76 -5.83 -3.51 -24.33 -8.36 -14.77 

EF4-12 600 4.2 0.007 -11.17 -3.24 -7.69 -7.32 -6.40 -7.70 N/A N/A -2.50 -2.50 -10.64 -4.41 -2.81 -21.52 -4.74 -10.42 

EF4-5 700 6.7 0.12 -13.73 -3.50 -8.88 -7.10 -3.65 -2.78 N/A N/A -3.73 -2.70 -8.90 -4.22 -4.14 -18.17 -3.68 -7.78 

0.05 mNaCl 

EF2-2 500 3.7 0.04 -9.89 -3.59 -6.47 -7.08 -6.81 -8.36 -6.59 -1.91 -2.53 -1.61 -9.78 -3.98 -2.80 -20.21 -4.66 -9.94 

EF2-4 600 5.4 0.04 -12.22 -3.62 -7.39 -7.20 -5.10 -5.22 -4.90 -1.62 -3.00 -1.82 -9.08 -4.02 -3.61 -18.77 -3.98 -8.48 

EF2-5 700 7.4 0.13 -14.68 -4.12 -9.15 -7.37 -3.22 -1.67 -3.04 -1.67 -4.08 -2.36 -8.48 -4.49 -5.10 -17.05 -4.21 -7.62 

0.5 mNaCl 

EF1-7 500 6.1 0.34 -10.71 -3.82 -6.12 -5.52 -2.87 -2.03 -3.57 -0.69 -4.33 -1.02 -7.00 -3.60 -4.80 -15.05 -3.89 -6.78 

EF1-3 600 6.7 0.22 -13.41 -4.29 -7.54 -7.06 -3.63 -2.42 -2.99 -0.52 -3.81 -1.31 -8.03 -4.30 -5.22 -16.39 -4.53 -7.70 

EF1-4 700 6.7 0.1 -15.90 -4.60 -8.90 -9.26 -5.78 -4.89 -3.17 -0.40 -2.68 -1.63 -9.51 -4.85 -4.79 -18.75 -4.93 -9.01 

1 Calculations were carried out at each conditions using the GEMS code package and the MINES thermodynamic database. 
2 The Ionic Strength (I) calculated at the experimental conditions using the GEMS code package and the MINES thermodynamic database. 
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Table 4: Calculated reaction quotient (log Qsp) for the solubility of 

NdPO4 and saturation indices of REE solids (SI) at 500-700°C and 1.7 

kbar. 

Runs T (°C) log Qsp
1 SI (NdPO4) SI (Nd2O3) SI (Nd(OH)3) 

no NaCl 

EF4-9 500 -33.87 4.02 -14.31 -4.85 

EF4-11 500 -34.56 3.34 -15.05 -5.22 

EF4-13 500 -33.63 4.27 -14.04 -4.71 

EF4-12 600 -32.68 8.81 -3.73 -0.34 

EF4-5 700 -31.89 12.96 9.26 5.51 

0.05 m NaCl 

EF2-2 500 -30.10 7.80 -8.40 -1.89 

EF2-4 600 -31.00 10.49 1.23 2.14 

EF2-5 700 -31.73 13.12 11.50 6.63 

0.5 m NaCl 

EF1-7 500 -25.76 12.13 4.27 4.43 

EF1-3 600 -29.80 11.69 6.83 4.93 

EF1-4 700 -34.65 10.21 5.05 3.40 

1 Calculations were carried out at each temperature and 1.7 kbar using 

the GEMS code package and the MINES thermodynamic database. 
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Table 5: NdPO4 solubility studies between 100 and 800 °C and saturated water vapor pressure to 2 kbar. 

Study NdPO4 physical state Experimental apparatus Solution chemistry pH T (°C) 
P 

(kbar) 

Reported dominant Nd-

aqueous species 

Gilbert and Montel 

(1996) 

crystal 
EHPV- weight loss method1 H2O 4.5 540-800 2 Nd(OH)2

+* 

Poitrasson et al. 

(2004) 

crystal 
Batch-type solubility experiments H2O-HCl 2 200-300 0 Nd+3, NdCl+2 

Cetiner et al. (2005) powder Batch-type solubility experiments 

H2O+NaCl+HCl 

H2O+NaClO4+HClO4 
1, 0-2 150 0 Nd+3 

Pourtier et al. (2010) crystal EHPV-I.D.-T.I.M.S2 

H2O, 

H2O-NaCl±HCl±NaOH 

1-8 300 2 Nd(OH)+2 

4.5 650 2 Nd(OH)3
0 

Van Hoozen et al. 

(2020) 

crystal 
Batch-type solubility experiments H2O+HClO4+H3PO4 2 100-250 0 Nd+3, Nd(OH)+2 

This study crystal EHPV-I.D.-M.C.I.C.P.M.S3 H2O+HCl±NaCl 2.5-6.5 500-700 1.7 NdCl+2, Nd(OH)3
0 

1Externally heated pressure vessel experiments coupled with weight loss method. 
2Externally heated pressure vessel coupled with isotope dilution and Thermal Ionization Mass Spectrometry. 
3Externally heated (cold seal) pressure vessel coupled with isotope dilution and Multi-Collector Inductively Coupled Plasma Mass 

Spectrometry 

*Calculated in this study 
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Table 6. Fit coefficients for log Ksp(NdPO4) = A + BT +C/T. 

Reference T (°C) P (kbar) A B C R2 

Van Hoozen et al. (2020);  

Cetiner et al. (2005); 

Poitrasson et al. (2004) 

100−300 Psat 
9.833 

(19.52)1 
-0.060 
(0.02) 

-5769 
(4386) 

0.85 

This study;  

Pourtier et al. (2010); 

Gilbert and Montel (1996) 

300−700 1.7 – 2.0 
41.81 
(38.77) 

-0.057 
(0.026) 

-20987 
(13952) 

0.44 

1Standard uncertainty for each fit coefficient given in italics beneath each value 
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Table S1: The spike concentration of each of the experimental so-

lutions measured at regular intervals via ICP-MS at ambient con-

ditions (P= 1b and T=25°C) 

 

Experiment(s) Nd spike (ppm) Average standard deviation RSD % 

EF-1 0.253    

 0.252 0.252   

 0.250 0.252   

 0.249 0.251 0.00178 0.708 

EF-2 0.264    

 0.264 0.264   

 0.261 0.263 0.00182 0.691 

EF-4 0.260    

 0.252 0.256   

 0.249 0.254   

 0.252 0.253 0.00462 1.824 

 

 

 

 

Table S2: Preparation of the initial NaCl solution which has then been used to prepare the experimental solutions for carrying out the 

solubility experiments between 500 and 700°C and 1.7 kbar pressure. 
 

Name 
NaCl 

(g/mol) 

NaCl 

(g) 

milliQ 

(g) 

Add Stock-1 

(g) 

Add Stock-2 

(g) 

0.1 mHCl 

(g) 

Total mass 

(g) 

NaCl 

(mol/kg) 

HCl 

(mol/kg) 

Spike 

(ppm) 

Final NaCl 

(mol/kg) 

Final HCl 

(mol/ kg) 

Stock-1 58.44 5.004 100.3    100.3 0.85     

Stock-2   89.99 10.05   100.04 0.09     

EF-1    90.06  10.01 100.07 0.77 0.01 0.251 0.5 0.01 

EF-2     89.95 9.99 99.94 0.08 0.01 0.263 0.05 0.01 

EF-4   90.13   10.01 100.14  0.01 0.253 0 0.01 
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Figure S3: Post Experiment Crystal and Fluid Extraction. As can be seen from left to right, the capsule 

is first opened at one of its neck (A) and sonicated in 2% nitric acid (B), following which the capsule 

is peeled open to extract the crystal (C). Post extraction, the fluid is analyzed by MC-ICP-MS (D) 

and the crystal is imaged SEM (E). 
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Table S4: The standard Gibbs energy of formation (ΔfG0) for the aqueous species calculated at the ex-

perimental conditions using the MINES thermodynamic database and GEMS code package. 

Species 
ΔfG0 (J/mol) at 1.7 kbar and 

References 

500 °C 600 °C 700 °C 

NdPO4(s) -1933917 -1959634 -1987055 
Ushakov et al. (2001), Thiriet et al. (2005), Popa and 

Konings, (2006), Ni et al. (1995) 

Nd+3 -804062 -819619 -842073 Pan et al., (2024) 

PO4-3 -812706 -736998 -652066 Supcrt92, slop98.dat 

H2O -285075 -299358 -314533 Johnson et al. (1992) 

H+ 0 0 0 Supcrt92, slop98.dat 

OH- -130021 -116702 -100324 Supcrt92, slop98.dat 

Cl- -126698 -116215 -101883 Supcrt92, slop98.dat 

NdCl+2 -804062 -819619 -842073 Migdisov et al. (2009) 

NdCl2
+ -911910 -903252 -894142 Migdisov et al. (2009) 

NdOH+2 -833151 -823277 -813171 Supcrt92, slop98.dat 

Nd(OH)2
+ -782694 -768504 -752387 Supcrt92, slop98.dat 

Nd(OH)3 -991109 -976686 -958907 Supcrt92, slop98.dat 

HPO4
-2 -1021598 -989013 -949812 Supcrt92, slop98.dat 

H2PO4
- -1161843 -1163497 -1162182 Supcrt92, slop98.dat 

H3PO4
0 -1233789 -1260383 -1288833 Supcrt92, slop98.dat 

Na+ -297498 -308556 -320234 Miron et al. (2016) 

NaCl0 -444283 -459900 -475775 Miron et al. (2016) 

HCl0 -189797 -210973 -232612 Tagirov et al. (1997) 

NaOH0 -455807 -468578 -481916 Miron et al. (2016) 

H4P2O7
0 -2202602 -2253507 -2308923 Supcrt92, slop98.dat 

H3P2O7
- -2144841 -2172853 -2199719 Supcrt92, slop98.dat 

H2P2O7
-2 -2086715 -2094811 -2097572 Supcrt92, slop98.dat 

HP2O7
-3 -1954117 -1929624 -1896012 Supcrt92, slop98.dat 

P2O7
-4 -1737034 -1658897 -1567213 Supcrt92, slop98.dat 
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Figure S5: The logarithmic function of total moles of dissolved NdPO4 at 500 °C, 1.7 kbar and 

mNaCl concentration, versus time (hours).  

 

 

 

 

 

 

 

 

 



1 
 

Table S6: Calculated pH , ionic strength (I) and aqueous Nd and P species activities (a) at experimental temperatures and pressures for the experi-

mental studies in use via the GEMS code package and the updated MINES thermodynamic database 

Runs pHT,P
1 pHT,P

2 ΔpH3 I 
log 

aNd+3 

log 

aNdCl+2 

log 

aNdCl2
+ 

log 

aNdOH+2 

log 

aNd(OH)2
+ 

log 

aNd(OH)3
0 

log 

aNaOH 

log aN-

aCl 

log 

aHCl 
log aCl 

log 

aHPO4
-2 

log 

aH2PO4
- 

log 

aH3PO4
0 

log 

aPO4
-3 

log 

aH2P2O7
-2 

log 

aHP2O7
-3 

Cetiner et al. (2005) at 150 °C and a Psat 

Nd-I1-150 1.3 1.1 0.22 0.88 -7.76 -7.89 -7.09 -11.60 -15.93 -20.76 -10.51 -0.89 -2.13 -0.28 -11.01 -4.79 -3.18 -21.97 -9.93 -15.57 

Nd-I05-150 1.3 1.1 0.21 0.46 -7.90 -8.29 -7.75 -11.75 -16.11 -20.96 -10.84 -1.47 -2.37 -0.55 -13.21 -6.97 -5.33 -24.20 -14.29 -19.96 

Nd-I01-150 1.2 1.1 0.15 0.10 -7.38 -8.37 -8.44 -11.31 -15.76 -20.68 -12.44 -3.59 -2.89 -1.15 -12.95 -6.62 -4.90 -24.02 -13.60 -19.35 

Gibert and Montel, 1996 at 540 °C and 2 kbar 

FG_2 5.1 4.5 0.62 0.00 -10.27 -10.61 -21.37 -5.83 -4.08 -4.30 N/A N/A N/A N/A -8.73 -4.23 -4.37 -17.89 -4.86 -8.846 

FG_1 5.1 4.5 0.57 0.00 -9.90 -10.27 -21.05 -5.50 -3.80 -4.06 N/A N/A N/A N/A -8.59 -4.04 -4.13 -17.79 -4.48 -8.512 

Gibert and Montel, 1996 at 600 °C and 2 kbar 

FG_3 5.2 4.5 0.69 0.00 -9.96 -9.39 -21.08 -5.12 -3.22 -3.54 N/A N/A N/A N/A -8.89 -3.92 -3.63 -18.54 -3.6 -8.521 

Gibert and Montel, 1996 at 700 °C and 2 kbar 

FG_4 5.6 4.5 1.08 0.00 -10.93 -9.39 -23.15 -5.30 -2.96 -3.24 N/A N/A N/A N/A -9.67 -4.17 -3.41 -19.88 -3.78 -8.208 

Poitrasson et al. (2004) at 200 °C and Psat 

Nd200-pH2_3 2.0 2.0 0.03 0.01 -8.92 -9.76 -10.70 -10.84 -13.73 -17.28 N/A N/A -4.18 -2.04 -11.28 -5.45 -4.21 -21.82 -10.6 -15.83 

Nd200-pH2_2 2.0 2.0 0.03 0.01 -8.91 -9.75 -10.69 -10.83 -13.72 -17.27 N/A N/A -4.18 -2.04 -11.27 -5.44 -4.20 -21.81 -10.6 -15.8 

Nd200-pH2_1 2.0 2.0 0.03 0.01 -8.91 -9.75 -10.69 -10.83 -13.72 -17.27 N/A N/A -4.18 -2.04 -11.25 -5.43 -4.19 -21.79 -10.5 -15.78 

Poitrasson et al. (2004) at 300 °C and Psat 

Nd300-pH2_3 2.1 2.0 0.12 0.01 -9.57 -7.78 -8.73 -9.67 -11.52 -14.52 N/A N/A -2.91 -2.07 -13.71 -6.84 -4.65 -25.30 -12.2 -18.45 

Nd300-pH2_2 2.1 2.0 0.12 0.01 -9.67 -7.89 -8.83 -9.78 -11.62 -14.63 N/A N/A -2.91 -2.07 -13.71 -6.84 -4.65 -25.30 -12.2 -18.45 

Nd300-pH2_1 2.1 2.0 0.12 0.01 -9.95 -8.16 -9.10 -10.05 -11.90 -14.90 N/A N/A -2.91 -2.07 -13.74 -6.87 -4.67 -25.33 -12.2 -18.49 

Pourtier et al. (2010)  at 350 °C and 2 kbar, in H2O  

M-98-16 5 4.5 0.5 1E-05 -9.41 -14.19 -23.5 -6.66 -5.55 -5.56 N/A N/A -13.36 -9 -8.3 -5.26 -6.66 -15.88 -8.569 -11.22 

Pourtier et al. (2010)  at 450 °C and 2 kbar, in H2O  

M-98-4 4.9 4.5 0.4 6E-05 -9.34 -11.79 -21.87 -5.74 -4.4 -4.63 N/A N/A -12.01 -9.01 -8.27 -4.31 -4.91 -16.83 -5.757 -9.249 

M-97-6 5.0 4.5 0.5 2E-05 -10.14 -12.59 -22.67 -6.42 -4.97 -5.08 N/A N/A -12.12 -9.01 -8.64 -4.80 -5.51 -17.09 -6.733 -10.11 

M-97-5 4.8 4.5 0.3 1E-04 -8.86 -11.33 -21.41 -5.33 -4.05 -4.35 N/A N/A -11.95 -9.02 -8.04 -4.02 -4.56 -16.67 -5.179 -8.733 

Pourtier et al. (2010)  at 550 °C and 2 kbar, in H2O  

M-98-3 5.2 4.5 0.7 1E-04 -10.38 -10.49 -21.33 -5.85 -4.05 -4.26 N/A N/A -10.97 -9.04 -8.8 -4.24 -4.33 -18.01 -4.794 -8.83 

M-98-14 5.1 4.5 0.6 3E-04 -9.88 -10.04 -20.92 -5.41 -3.68 -3.95 N/A N/A -10.96 -9.09 -8.62 -3.99 -4.02 -17.9 -4.31 -8.409 
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Pourtier et al. (2010)  at 625 °C and 2 kbar, in H2O  

M-98-34 5.3 4.5 0.8 8E-04 -10.4 -9.34 -21.31 -5.33 -3.29 -3.57 N/A N/A -10.73 -9.67 -9.12 -4.04 -3.66 -18.89 -3.847 -8.372 

Pourtier et al. (2010)  at 700 °C and 2 kbar, in H2O  

M-98-5 5.7 4.5 1.2 3E-04 -11.96 -9.27 -21.87 -6.18 -3.68 -3.8 N/A N/A -10.25 -9.81 -9.82 -4.47 -3.87 -19.86 -4.208 -8.969 

M-98-1 5.8 4.5 1.3 2E-04 -12.17 -9.3 -21.73 -6.36 -3.83 -3.91 N/A N/A -10.11 -9.64 -9.86 -4.55 -3.98 -19.88 -4.354 -9.084 

Pourtier et al. (2010) at 300 °C and 2 kbar in H2O-NaCl-HCl-NaOH system 

Nd-05-21 2.4 2.4 0 1.4 -9.66 -6.72 -6.82 -10.19 -11.98 -14.7 -7.27 -0.18 -2.46 -0.16 -11.48 -6.18 -5.27 -21.28 -10.9 -15.8 

Nd-05-19 2.0 2 0 0.8 -8.82 -6.11 -6.45 -9.75 -11.95 -15.07 -7.92 -0.66 -2.28 -0.39 -11.8 -6.09 -4.76 -22.02 -10.73 -16.08 

Nd-03-10 5.9 6.1 0.2 0.35 -11.27 -8.88 -9.54 -8.25 -6.52 -5.69 -4.28 -1.28 -6.54 -0.71 -7.66 -5.89 -8.5 -13.94 -10.33 -11.75 

Nd-04-18 7.4 7.5 0.1 0.19 -14.98 -12.83 -13.71 -10.52 -7.34 -5.06 -3.06 -1.74 -8.21 -0.94 -6.14 -5.80 -9.86 -10.97 -10.17 -10.15 

Nd-04-12 7.9 8 0.1 0.19 -16.31 -14.17 -15.07 -11.33 -7.64 -4.85 -2.55 -1.75 -8.74 -0.96 -5.82 -6.00 -10.57 -10.14 -10.56 -10.03 

Nd-04-14 6.9 7 0.1 0.18 -14.17 -12.03 -12.93 -10.18 -7.48 -5.68 -3.55 -1.76 -7.75 -0.95 -6.94 -6.14 -9.72 -12.25 -10.83 -11.28 

Nd-04-11 3.0 3 0 0.18 -8.73 -6.59 -7.48 -8.66 -9.89 -12 -7.47 -1.76 -3.83 -0.95 -10.94 -6.22 -5.88 -20.17 -10.99 -15.36 

Nd-03-8 7.4 7.5 0.1 0.19 -15.54 -13.4 -14.3 -11.07 -7.89 -5.6 -3.06 -1.76 -8.24 -0.95 -6.66 -6.34 -10.4 -11.48 -11.23 -11.2 

Nd-03-6 5.1 4.9 0.2 0.18 -9.09 -6.95 -7.85 -6.91 -6.02 -6.03 -5.36 -1.77 -5.94 -0.95 -8.2 -5.58 -7.35 -15.32 -9.727 -11.99 

Nd-03-5 1.0 1 0 0.19 -7.15 -4.99 -5.88 -9.11 -12.37 -16.52 -11 -3.24 -1.78 -0.94 -13.17 -6.41 -4.03 -24.43 -11.38 -17.78 

Nd-03-4 4.5 4.4 0.1 0.19 -8.89 -6.73 -7.61 -7.34 -7.07 -7.7 -5.97 -1.73 -5.3 -0.94 -9.13 -5.90 -7.04 -16.88 -10.35 -13.24 

Nd-03-3 2.2 2.2 0 0.19 -8.17 -6.02 -6.91 -8.9 -10.91 -13.82 -8.28 -1.77 -3.03 -0.94 -11.76 -6.24 -5.11 -21.78 -11.05 -16.21 

Pourtier et al. (2010) at 650 °C and 5 kbar in H2O-NaCl-HCl-NaOH system 

Nd-03-2 5.8 5 0.8 0.15 -13.11 -4.38 -9.52 -8.01 -5.84 -5.73 -3.13 -1.31 -4.18 -1.09 -7.54 -4.50 -6.03 -15.19 -4.747 -7.398 

 Pourtier et al. (2010)  at 650 °C and 2 kbar in H2O-NaCl-HCl-NaOH-H3PO4 system 

NdA1 3.8 4 0.2 0.11 -17.01 -7.37 -11.53 -13.34 -12.79 -14.67 -5.93 -0.98 -0.89 -1.69 -10.83 -4.01 -1.91 -22.34 -3.617 -9.87 

NdA2 4 4 0 0.07 -16.54 -6.77 -10.79 -12.65 -11.88 -13.54 -5.75 -0.89 -0.98 -1.56 -10.99 -4.39 -2.51 -22.28 -4.38 -10.41 

NdA3 4.1 4 0.1 0.07 -15.31 -5.53 -9.54 -11.39 -10.6 -12.23 -5.74 -0.89 -1 -1.55 -11.59 -5.01 -3.16 -22.85 -5.623 -11.63 

Pourtier et al. (2010)  at 650 °C and 2 kbar by weight loss method 

BK16 3.6 3.5 0.1 0.13 -14.89 -4.94 -8.78 -11.46 -11.15 -13.26 -6.06 -0.55 -0.34 -1.37 -12.57 -5.51 -3.18 -24.31 -6.618 -13.1 

BK15 3.6 3.5 0.1 0.13 -14.61 -4.66 -8.49 -11.17 -10.86 -12.96 -6.06 -0.55 -0.35 -1.37 -12.32 -5.27 -2.95 -24.06 -6.139 -12.62 

BK14 3.6 3.5 0.1 0.13 -15.05 -5.1 -8.94 -11.62 -11.31 -13.42 -6.06 -0.55 -0.34 -1.37 -12.7 -5.65 -3.31 -24.45 -6.886 -13.37 

BK5 6.5 6 0.5 0.13 -14.86 -4.91 -8.76 -8.49 -5.25 -4.43 -3.12 -0.56 -3.28 -1.38 -8.94 -4.82 -5.42 -17.75 -5.238 -8.792 

BK6 5.1 5 0.1 0.13 -14.77 -4.82 -8.67 -9.78 -7.91 -8.46 -4.5 -0.56 -1.91 -1.38 -10.3 -4.80 -4.02 -20.48 -5.191 -10.12 

BK4 4.6 4.5 0.1 0.13 -15 -5.05 -8.9 -10.55 -9.22 -10.31 -5.04 -0.56 -1.36 -1.38 -11.03 -5.00 -3.68 -21.76 -5.587 -11.06 

Van Hoozen et al. (2020) at 100 °C and Psat 
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NdPO4-8 2.0 2.0 0.01 0.01 -7.23 0.00 0.00 -11.83 -16.42 -21.36 N/A N/A N/A N/A -10.02 -4.75 -4.18 -20.11 -10.61 -15.3 

NdPO4-7 2.0 2.0 0.01 0.01 -7.49 0.00 0.00 -12.08 -16.68 -21.62 N/A N/A N/A N/A -10.09 -4.83 -4.26 -20.19 -10.76 -15.45 

NdPO4-6 2.0 2.0 0.01 0.01 -7.47 0.00 0.00 -12.06 -16.66 -21.59 N/A N/A N/A N/A -10.15 -4.88 -4.31 -20.24 -10.87 -15.56 

NdPO4-5 2.0 2.0 0.01 0.01 -7.69 0.00 0.00 -12.30 -16.92 -21.87 N/A N/A N/A N/A -10.08 -4.80 -4.21 -20.20 -10.71 -15.41 

NdPO4-4 2.0 2.0 0.01 0.01 -7.07 0.00 0.00 -11.66 -16.26 -21.20 N/A N/A N/A N/A -10.48 -5.22 -4.65 -20.58 -11.54 -16.22 

NdPO4-3 2.0 2.0 0.01 0.01 -7.58 0.00 0.00 -12.17 -16.77 -21.71 N/A N/A N/A N/A -10.13 -4.87 -4.30 -20.23 -10.84 -15.53 

NdPO4-2 2.0 2.0 0.01 0.01 -7.83 0.00 0.00 -12.43 -17.02 -21.96 N/A N/A N/A N/A -10.23 -4.96 -4.39 -20.32 -11.03 -15.72 

NdPO4-1 2.0 2.0 0.01 0.01 -8.20 0.00 0.00 -12.79 -17.39 -22.33 N/A N/A N/A N/A -10.20 -4.94 -4.37 -20.30 -10.98 -15.67 

Van Hoozen et al. (2020) at 150 °C and Psat 

NdPO4-11 2.0 2.0 0.02 0.01 -7.43 0.00 0.00 -10.54 -14.16 -18.26 N/A N/A N/A N/A -10.65 -5.14 -4.25 -20.90 -10.65 -15.57 

NdPO4-10 2.0 2.0 0.02 0.01 -7.83 0.00 0.00 -10.94 -14.56 -18.66 N/A N/A N/A N/A -10.71 -5.20 -4.31 -20.96 -10.77 -15.69 

NdPO4-9 2.0 2.0 0.02 0.01 -7.47 0.00 0.00 -10.58 -14.20 -18.30 N/A N/A N/A N/A -10.63 -5.13 -4.23 -20.88 -10.62 -15.54 

Van Hoozen et al. (2020) at 200 °C and Psat 

NdPO4-14 2.0 2.0 0.03 0.01 -8.45 0.00 0.00 -10.37 -13.26 -16.81 N/A N/A N/A N/A -11.05 -5.22 -3.99 -21.59 -10.13 -15.37 

NdPO4-13 2.0 2.0 0.03 0.01 -8.49 0.00 0.00 -10.40 -13.29 -16.84 N/A N/A N/A N/A -11.10 -5.27 -4.03 -21.63 -10.23 -15.46 

NdPO4-12 2.0 2.0 0.03 0.01 -8.58 0.00 0.00 -10.50 -13.38 -16.94 N/A N/A N/A N/A -11.08 -5.25 -4.02 -21.62 -10.19 -15.43 

Van Hoozen et al. (2020) at 250 °C and Psat 

NdPO4-16 2.1 2.0 0.04 0.01 -8.54 0.00 0.00 -9.48 -11.80 -15.01 N/A N/A N/A N/A -12.03 -5.77 -4.13 -23.01 -10.61 -16.27 

NdPO4-15 2.1 2.0 0.04 0.01 -8.96 0.00 0.00 -9.90 -12.22 -15.44 N/A N/A N/A N/A -12.01 -5.74 -4.10 -22.98 -10.55 -16.22 

1 The predicted equilibrium pH at experimental temperatures and pressures  
2 The equilibrium pH reported in the respective studies 
3 The difference between the reported pH in the previous studies and the recalculated equilibrium pH for the respective studies using the updated database. 




